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wbdA is a mannosyltransferase gene that is involved in synthesis of the Escherichia coli O9a polysaccharide,
a mannose homopolymer with a repeating unit of 2-aMan-1,2-aMan-1,3-aMan-1,3-aMan-1. The equivalent
structural O polysaccharide in the E. coli 09 and Klebsiella O3 strains is 2-oMan-1,2-aMan-1,2-aMan-1,3-
aMan-1,3-aMan-1, with an excess of one mannose in the 1,2 linkage. We have cloned wbdA genes from these
09 and O3 strains and shown by genetic and functional studies that wbhdA4 is the only gene determining the
O-polysaccharide structure of 09 or O9a. Based on functional analysis of chimeric genes and site-directed
mutagenesis, we showed that a single amino acid substitution, C55R, in WhdA of E. coli O9 converts the O9
polysaccharide into O9a. DNA sequencing revealed the substitution to be conserved in other E. coli O9a strains.
The reverse substitution, R55C, in WbdA of E. coli O9a resulted in lipopolysaccharide synthesis showing no
ladder profile instead of the conversion of O9a to 0O9. This suggests that more than one amino acid substitution
in WhbdA is required for conversion from Q9a to O9.

O polysaccharides of gram-negative bacteria are structurally
polymorphic, and consequently, they are utilized as the O
antigen for serological typing. The O polysaccharide is part of
lipopolysaccharides (LPSs) and covalently binds to lipid A
through the core-oligosaccharide portion. Each O polysaccha-
ride consists of many repeating units of an oligosaccharide
composed of several sugars with various linkages. We have
been studying the synthetic mechanism of Escherichia coli O9a
polysaccharides using the wb* gene cluster cloned from E. coli
009a strain F719. The wb* cluster is constituted of eight genes,
two for GDP-mannose synthesis, two for the putative ABC
transporter, three for mannosyltransferases, and one whose
function is unknown (8). WbdA, one of the mannosyltrans-
ferases encoded in the cluster, is regarded as an enzyme that
transfers two mannoses in the 1,2 linkage based on the results
of a previous biochemical analysis (8) and the E. coli O9a
polysaccharide structure. It consists of 815 amino acids and has
two domains with almost the same molecular mass, designated
WbdA(N) and WbdA(C) for the N- and C-terminal domains,
respectively (7). An amino acid sequence comparison revealed
the presence of a conserved amino acid sequence of SXXEG
FGLPXXE in both domains (8). Similar sequences have been
identified in several prokaryotic a-mannosyltransferases (2).
Elimination of the C-terminal domain of WbdA by transposon
insertion or gene deletion results in synthesis of an altered
structural O polysaccharide consisting only of a-1,2-linked
mannose. Both domains are necessary for the synthesis of the
E. coli O9a polysaccharide. However, it is synthesized even
when the C-terminal domain is present in trans (7). Moreover,
genetic analysis of the wbdA gene suggests that it might have
arisen by fusion of two independent genes (7).

The repeating unit of E. coli O9%a is composed of four man-
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noses with the structure 2-aMan-1,2-aMan-1,3-aMan-1,3-
aMan-1 (11). The strain has been recognized as an exceptional
divergent E. coli O9 that has the repeating unit 2-aMan-1,2-
aMan-1,2-aMan-1,3-aMan-1,3-aMan-1 with an excess of one
mannose in the 1,2 linkage (10, 12). Klebsiella O3 strains have
the same structural O polysaccharide (4). Recently we have
produced a monoclonal antibody (MAb) recognizing the E.
coli O9a polysaccharide but not E. coli O9 and named it O9a
MAD. The minimum number of mannose residues needed to
theoretically define the O9 and O9a polysaccharides is four,
and the sequence 3-aMan-1,2-aMan-1,2-aMan-1,3-aMan-1 is
the shortest candidate for the epitope bound to the MADb (6).
Serological investigation of various conventional O9 strains
using the O9a MAD revealed that the majority, 8 of 10, were
the O9%a type (6). This relatively large number is unexpected
because only one strain is classified as O9a by conventional
serotyping using polyclonal antibodies (10). This result
prompted us to study the genetic relationship between the
strains. In this report, we provide experimental proof that the
09 polysaccharide is converted into O9a by a single amino acid
substitution in the WbdA mannosyltransferase. Based on ge-
netic and functional analyses of whdA genes, we suggest that a
new O-serotype group, E. coli O9a, could have been generated
from the E. coli O9 strain by this single amino acid substitution.
We also discuss the effect of the amino acid substitution on the
processive action of WbdA transferring two or three mannoses
in 1,2 linkage.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids utilized in
this study are listed in Table 1. To analyze the synthesized O polysaccharide, the
E. coli K-12 strain HU1190 lacking the whole wb* locus was used as the host for
plasmids. Bacterial strains were cultivated in LB broth or on LB agar plates
supplemented with antibiotics. The gene nomenclature for wb* genes in this
article follows the nomenclature in the review by Reeves et al. (14).

PCR amplification and cloning of the wbd4 genes. PCR amplification was
performed using a mixture of 100 ng of chromosomal DNA and 10 pmol of each
oligonucleotide primer for the manB-wbdC region. The manB-wbdC region was
amplified with 30 cycles, with each cycle consisting of (i) a denaturation step of
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TABLE 1. Bacterial strains and plasmids used in this study

J. BACTERIOL.

. . Source or
Strain or plasmid Genotype or relevant property reference
Strains

E. coli K-12 strain HU1190 A(sbcB-1fb) hsdR4 recA56 srl::Tnl0 17
Wild strains

E. coli Bi316-42 09:K9:H12 2

E. coli Bi449-42 09a:K26:H™ 2

E. coli K14a 09a:K28:H™ 2

E. coli F379 09a:K29":H™ 2

E. coli F719 09a:K317:H™ his 2

E. coli H509d 09:K57:H32 2

Klebsiella K49S 03:K49~ 15

Plasmids

pBluescript II SK(+) Cloning vector; Ap" TOYOBO
pNKB26::Tn000-52 E. coli O%a wb* cluster but wbdA::Tn1000-52 7
pBSC25-1 pBluescript I SK(+) carrying wbdA 7,9 8
pBSC25-1 (R55C) pBSC25-1 carrying a point mutation giving the R55C substitution in WbdA This work
PWBDAG:516.42 pBluescript I SK(+) carrying wbdA ;31642 This work
pWBDAG;3,6.42 (C55R) pWBDAGR;;,6.4, carrying a point mutation giving the C55R substitution in WbdA This work
PWBDA 05 pBluescript II SK(+) carrying wbdA 405 This work
pWBDA,0s (C55R) pWBDA s carrying a point mutation giving the C55R substitution in WbdA This work
pWBDA-BF pBluescript I SK(+) carrying chimeric wbdA gi36.4o-WbdA 719 This work
pWBDA-BF (C55R) pWBDA-BF carrying a point mutation giving the C55R substitution in hybrid WbdA This work
pWBDA-BK pBluescript II SK(+) carrying chimeric wbdA gi316.4»-WhdA k4os This work
pWBDA-FB pBluescript II SK(+) carrying chimeric wbdA z7,9-WbdA ;31642 This work
pWBDA-FB (R55C) pWBDA-FB carrying a point mutation giving the R55C substitution in hybrid WbdA This work
pWBDA-FK pBluescript I SK(+) carrying chimeric wbdA g7,9-wbdAy 405 This work
pWBDA-KF pBluescript I SK(+) carrying chimeric wbdA y49s-WbdA g9 This work
pWBDA-KF (C55R) pWBDA-KF carrying a point mutation giving the C55R substitution in WbdA This work
pWBDA-KB pBluescript II SK(+) carrying chimeric wbdA 4o5-WbdAgiz16-42 This work

20 s at 98°C and (ii) an annealing and a polymerization step of 15 min at 68°C.
DNA polymerase TaKaRa ExTaq was purchased from Takara Shuzo Co., Ltd.,
Tokyo, Japan. Oligonucleotide primers for amplification were designed based on
the DNA sequence of the E. coli F719 wb* (DDBJ accession no. D43637) as
follows: LmanB-1 (5'-AGAGATTTACTTCGCCACTTTCCACCTC-3") and
LwbdC-2 (18). The amplified fragment from E. coli Bi316-42 was digested with
Stul to give a fragment carrying only the wbdA gene and cloned into the EcoRV
site of a cloning vector pBluescript IT SK(+). The fragment from Klebsiella K49S
was doubly digested with SacI and StuI and cloned into the SacI-EcoRV-digested
pBluescript II SK(+). These plasmids with only wbdA were designated pWB-
DAgi316.42 and pWBDA o5, respectively. A schematic illustration of amplifica-
tion and subcloning of whdA genes from strains Bi316-42 and K49S is shown in
Fig. 1. For the DNA sequencing of the wbdA genes from other E. coli O9%
strains, PCR-amplified fragments were directly sequenced using fluorescein iso-
thiocyanate (FITC)-labeled primers (5'-AATGGCCTATCGGGACCTGCT
G-3' or 5'-CGCCCATGCCAGACCAAGACGG-3").

Chimeric plasmids carrying the 5’ region of the wbdA gene encoding
WbdA(N) and the 3’ region encoding WbdA(C) of strains F719, Bi316-42, and
K49S were constructed using the Sall site (Fig. 1; see Fig. 2A). Each plasmid was
digested with Sall, and purified fragments from gels were ligated in various
combinations. Plasmids carrying chimeric wbdA genes were selected and desig-
nated pWBDA-FB, pWBDA-FK, pWBDA-BF, pWBDA-BK, pWBDA-KF, and
pWBDA-KB. Letters after the hyphen denote the origin of the wbdA genes and
the order of the combination as follows: F, E. coli F719; B, E. coli Bi316-42; K,
Klebsiella K49S. For instance, pWBDA-FB is the plasmid constructed from the
5" region of wbdA of F719 and the 3’ region of wbdA of Bi316-42.

Site-directed mutagenesis. Plasmids pBSC25-1, pWBDAg;36_4,, pPWBDA-BF,
pWBDA-KF, and pWBDA-FB were subjected to mutagenesis with a Quick-
Change site-directed mutagenesis kit obtained from Stratagene (La Jolla, Calif.).
The conditions and buffers used were those recommended by the manufacturer.
The primers employed are listed in Table 2. They were designated based on
DNA sequences of wbdA genes and purified by high-pressure liquid chromatog-
raphy before use. Mutations were confirmed by DNA sequencing of complete
wbdA regions in the plasmids.

Analysis of LPS. LPS was extracted by the phenol-water method and purified
by ultracentrifugation (22). Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed by the method of Tsai and Frasch (20),
and silver staining of gels was performed by the method of Hitchcock and Brown
(3). Immunoblot analysis was done as reported previously with rabbit polyclonal
antiserum against E. coli O9 test strain Bi316-42 and an MAD against E. coli O9%a

strain F719 named O9a MAD (6). Peroxidase-conjugated goat immunoglobulin
G fractions against mouse and rabbit immunoglobulin G were purchased from
Cappel (Organon Teknika Corp., West Chester, Pa.).

Nuclear magnetic resonance (NMR) spectroscopy of the O polysaccharides.
The O-polysaccharide structures of LPS from E. coli HU1190(pNKB26::Tn000-
52) carrying the wbdA gene from strain Bi316-42 (WbdApg;3,6.42) With the C55R
substitution and the wbdA -, gene with the R55C substitution were determined
by two-dimensional homonuclear Hartman-Hahn spectroscopy (9). The O poly-
saccharides were prepared and purified as described previously (7). Spectra were
recorded on a JEOL JNM-GSX 400 spectrometer (400 MHz), operating at a
probe temperature of 45°C. Each sample was dissolved in D,O at 1% (wt/vol),
and acetone was used as the internal standard (2.217 ppm).

Nucleotide sequence accession numbers. The nucleotide sequence data re-
ported in this article will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases with the accession numbers AB031867 and AB031868.

RESULTS

Cloning and functional analysis of wbdA genes from E. coli
Bi316-42 and Klebsiella K49S. Genes corresponding to whdA,
-B, and -D of E. coli F719 were cloned on pBluescript IT SK(+)
cloning vector from PCR-amplified fragments of E. coli O9
Bi316-42 and Klebsiella K49S. They are compatible with pA-
CYC184-based clone pNKB26 in E. coli K-12 strain HU1190.
They were introduced into HU1190 carrying pNKB26 deriva-
tives which were inactivated in the corresponding genes by
Tnl000 insertion (17). The O-polysaccharide structure was
changed only when wbdA was involved. DNA sequencing of
genes corresponding to wbdAg,,4, cloned from strains of
Bi316-42 and K49S, revealed DNA identities of 91.0 (Bi316-
42) and 96.5% (K49S). The percent similarities for the de-
duced amino acid sequences were 96.5 (F719 versus Bi316-42)
and 97.5 (F719 versus K49S). Thus, genes from Bi316-42 and
K49S were found to be highly homologous to wbdA;,, and
were termed wbdA 31640 and wbdAy 405, TESPECtively.
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FIG. 1. Schematic representation of PCR amplification and subcloning of wbdA genes from E. coli Bi316-42 and Klebsiella K49S. Restriction enzyme abbreviations:
B, BamHI; Bg, Bglll; C, Clal; H, HindIIL; Sc, Sacl; Sl, Sall; St, Stul. Arrows indicate primers used for PCR.

Cloned wbdA genes were introduced into E. coli K-12
HU1190 carrying the wbdA-deficient plasmid, pNKB26::
Tn1000-52, bearing all genes necessary for O9a polysaccharide
synthesis but wbdA (7). LPS preparations from each strain
were analyzed by SDS-PAGE and subsequently by immuno-
blot analysis (Fig. 2B and C, lanes 1 to 3). All LPSs from
recombinant strains showed the typical ladder profile of
smooth LPS, as found in the parental wild strains. Only ladders
of LPSs from the recombinant strain carrying wbdA ., stained
with the O9a MADb (Fig. 2C, lane 1). Ladders of all prepara-
tions were stained with the polyclonal rabbit serum against the
E. coli O9 test strain Bi316-42 (data not shown). Based on the
09a MAD specificity, we concluded that the strains carrying
the wbdA genes from Bi316-42 and K49S synthesize the O9
polysaccharide while strains carrying wbdA ;4 synthesize O9a.
Because all the other genes for the O-polysaccharide synthesis
in pNKB26::Tn1000-52 were cloned from the O9a-synthesizing
strain F719, it was clear that only the wbdA gene determined
the O9 polysaccharide structure.

Comparison of WbdA proteins. The newly cloned wbdA
genes also encoded WbdA proteins with 815 amino acid resi-

TABLE 2. Primers used for site-directed mutagenesis in this study

Amino acid
substitution

R55C........ GCGCCAACAGCCTATTGTCATATTGAAAACC
C55R........ GCCAACGGCCTACCGCAATATCGATAACCACGG
N56H ....... GCGCCAACGGCCTACTGCCATATCGATAACC
G92S........ CTTCTTCGAAGGTCATAGCGATAGTTATACC
T206S......GATGAATTTATCCTATCGCTGGCGATGATTG
M225L....CATGCTTACAGCTITGCTGCCTGCTGAAT
H243Q....GGCGTATAAGGTGCAGCCGGAGGGTTTGGAG
I399L........ GTGACTACCTCGCGCCTCCAGACGATGCAG
T401M .....CCTCGCGCATCCAGATGATGCAGAAAATTG

Primer sequence”

“ Only sense primers are shown. These were used with the complementary
primers for mutagenesis. The nucleotides exchanged are underlined.

dues and predicted secondary structures suggesting similari-
ties to WbdAy,,o With a few minor variations. Both had N-
and C-terminal domains like those of WbdAg,,,. Amino acid
sequences were compared with that of WbdAg,,, in detail
(Fig. 3). A total of 45 amino acid substitutions were identified
in WbdAg;516.42, and 20 substitutions were identified in
WbdA, s Sixteen amino acid substitutions occurred at the
same sites, with 14 amino acids identical in WbdAg;5,4.4, and
WbdAy s Eight of the fourteen were located in WbdA(N)
and the remainder were located in WbdA(C). Because the
amino acid substitutions are common to the O9-synthesizing
strains of Bi316-42 and K498, it is likely that one or more of
these may be involved in the difference in O-polysaccharide
structure.

Function of chimeric wbdA genes. To identify amino acid
substitutions determining the O-polysaccharide structure, six
chimeric wbdA genes were constructed as pairs of 5’ and 3’
halves of the genes from F719, Bi316-42, and K49S (Fig. 2A)
and introduced into E. coli HU1190 carrying pNKB26::
Tnl000-52. LPSs from the strains showed the ladder profile
except for LPSs from two strains carrying either pWBDA-BF
or pWBDA-KF (Fig. 2B, lanes 4 and 9). These two plasmids
carried chimeric wbdA genes constructed with the 5" half of the
wbdA gene of the O9-synthesizing strain and the 3’ half of
wbdAg,9. The O polysaccharides synthesized by these chi-
meric genes stained very faintly with the O9a MAb. The O
polysaccharides from strains carrying the chimeric genes of the
5" half of wbdAg,,4 and the 3’ half of O9-synthesizing strains
appeared to be slightly shorter and were positively stained with
the O9a MAD (Fig. 2, lanes 6 and 7). Exchange of the 5" and
3’ halves between wbdA i;5,6.4> and wbdA 445 did not affect the
LPS profile or the O antigenicity against the O9a MAD (Fig. 2,
lanes 5 and 8). From these results, we conclude that the 5’ half
of the wbdAg;,, predominantly determines O9a polysaccha-
ride synthesis.

Identification of the mutation that converts the Q9 polysac-
charide into O9a. Site-directed mutagenesis was employed to
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FIG. 2. Schematic representation of the WbdA protein structure (A) and
results of SDS-PAGE analysis of LPSs directed by the chimeric wbdA genes
(silver-stained gel [B] and an immunoblot of the same gel using the O9a MAb
[C]). LPSs examined were from E. coli HU1190(pNKB26::Tnl000-52) carrying
the following plasmids: pBSC25-1 (lane 1), pWBDAg;3,64> (lane 2),
pWBDAK 95 (lane 3), pWBDA-BF (lane 4), pWBDA-BK (lane 5), pWBDA-FB
(lane 6), pWBDA-FK (lane 7), pWBDA-KB (lane 8), and pWBDA-KF (lane 9).

identify mutations in the 5" half of the wbdA gene resulting in
amino acid substitution and alteration of the O-polysaccharide
structure. Chimeric plasmids of pWBDA-BF and pWBDA-KF
were subjected to mutagenesis to test for O-polysaccharide
conversion. Plasmids carrying a series of point mutations in the
chimeric wbdA genes were constructed using the DNA primers
shown in Table 2 and introduced into E. coli HU1190
(pNKB26::Tn/000-52), and LPSs were analyzed by SDS-
PAGE. Only the mutation giving the C55R substitution altered

J. BACTERIOL.

the O-polysaccharide structure (Fig. 4). The original chimeric
genes directed synthesis of LPS with no ladder profile (Fig. 4A,
lanes 1 and 3), whereas plasmids with the C55R mutation
directed the synthesis of LPS with a ladder profile (Fig. 4A,
lanes 2 and 4). Staining with the O9a MAb (Fig. 4B) indicated
that this mutation in the chimeric wbdA genes resulted in
conversion into O9a. However, since the chimeric genes car-
ried the 3’ half of the wbdAg,,,, it was not clear whether the
single C55R mutation was sufficient for the O-polysaccharide
conversion from O9 into O9a. To confirm that the single C55R
substitution caused the conversion, the mutation was intro-
duced into the intact wbdA genes of Bi316-42 and K49S. Syn-
thesized LPS showed the ladder profile (Fig. 4C, lanes 4 and
5). These O polysaccharides appeared slightly shorter than
those synthesized by the original wbdA genes and were posi-
tively stained with the O9a MAb while those of the parental
strain were not (Fig. 4D).

Reverse mutation in the wbdAy.,,, gene. The point mutation
giving the reverse R55C substitution in WbdAg,,, was intro-
duced into pBSC25-1 to determine whether the O9a polysac-
charide was converted into O9. The LPS preparation from the
strain carrying the mutated plasmid showed the no-ladder pro-
file in the SDS-polyacrylamide gel (Fig. 5A, lane 2). Moreover,
the R55C mutation in the chimeric plasmid pWBDA-FB also
directed the synthesis of LPS with no-ladder profile, although
a dense band in the region of LPS with O polysaccharides was
seen (Fig. 5A, lane 4). These O polysaccharides were stained
very faintly with the O9a MAD, while those from strains car-
rying the original plasmid were stained positively (Fig. 5B).
Because the chimeric plasmid possessed the 3’ half of the
WhdA gi316.42 geNE, the results suggested that the conversion of
the O9%a polysaccharide into the O9 requires more than one
amino acid substitution in the WbdA(N) region of WbdAg;,.

NMR analysis of O-polysaccharide structures. The conver-
sion of the O9 polysaccharide into O9a was confirmed by NMR
analysis of O polysaccharides purified from E. coli HU1190
(pPNKB26::Tnl000-52) carrying wbdAgis16.4» With the C55R
mutation (Fig. 6A). H1-H2 cross-peaks at 5.039 and 4.197
ppm, 5.119 and 4.197 ppm, 5.258 and 4.093 ppm, and 5.335 and
4.078 ppm were identified to be the four mannose units,
-1,3aMan-1,2-, -1,3aMan-1,3-, -1,2aMan-1,2-, and -1,2aMan-
1,3-, respectively, as reported previously (6). In addition, the
intensities of the corresponding H1 signals, 25.7:27.0:24.8:22.5,
indicated the molar ratio of the four mannose units to be
approximately 1:1:1:1. Thus, the polysaccharides from the
strain carrying the C55R mutation in wbdAg;3,6.4> had the
repeating unit of the O9a polysaccharide, 2-aMan-1,2-aMan-
1,3-aMan-1,3-aMan-1.

Analyses of the O polysaccharides from E. coli HU1190
(pNKB26::Tnl000-52) carrying wbdAg,, with the R55C mu-
tation (Fig. 6B) revealed four distinct cross-peaks at 5.038 and
4.197 ppm, 5.120 and 4.197 ppm, 5.258 and 4.093 ppm, and
5.335 and 4.078 ppm in the H1-H2 field with intensities of
24.6:27.3:26.5:21.6 (approximately 1:1:1:1). In addition, a no-
table cross-peak at 5.258 and 4.078 ppm in the field near the
cross-peak at 5.258 and 4.093 ppm was identified (compare the
boxed regions of Fig. 6). This indicated the presence of a
second -1,2aMan-1,2- unit (6) in the polysaccharides from the
strain carrying the R55C mutation in wbdA ¢4,4, suggesting that
two kinds of the repeating units of O9 and O9a were included
in the fraction. The weak reactivity of the O polysaccharides
with the O9a MADb suggests that two repeating units may exist
in a single O-polysaccharide chain rather than both O9a and
09 polysaccharides being present.

Amino acid substitutions in other E. coli O9a and O9
strains. DNA sequences of the 120- to 419-bp segment of the
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FIG. 3. Amino acid substitutions in the WbdA proteins. For the WbdA proteins of Bi316-42 and K49S, only the amino acids differing from those of the F719 protein
are shown. The Sall site used for the construction of the chimeric whdA genes is shown. The numbers above the residues indicate the positions of the amino acid

residues. Amino acids identical to those of F719 are indicated by asterisks.

wbdA genes from E. coli O9 and O9a strains were determined
using PCR-amplified fragments. They were found to be com-
pletely conserved in the E. coli O9a strains investigated. Sev-
eral nucleotides were different between E. coli O9 strains
Bi316-42 and H509d. The latter is the other strain so far re-
garded serologically as E. coli O9 using the O9a MADb (6). Only
the DNA sequence alignment of 12 nucleotides encoding ty-
rosine 54 to isoleucine 57 is shown in Fig. 7. The arginine
residue at position 55 and its substitution by cysteine were
completely conserved in O9a- and O9-synthesizing strains, re-
spectively. Two nucleotides were found to differ in the codon
for the amino acid residue 55 between O9 and O9a strains.

DISCUSSION

The single amino acid substitution C55R in WbdAg;s16.42
was shown here to cause the conversion of O9 polysaccharides
into O%a. The O-polysaccharide structure was ascertained se-
rologically (Fig. 4) and by two-dimensional NMR analysis (Fig.
6). The critical role of the amino acid in the mannosyltrans-
ferase action is not clear. WbdA has the two conserved amino
acid sequences deduced from the sequence comparison and
the hydrophobic cluster analysis plot of several glycosyl trans-
ferases (2, 7, 8). The conserved sequences are located in seg-
ments of amino acids 292 to 300 and 725 to 733, so that the
mutation point that converts the O9 polysaccharide into O9a is
not included. Neutral cysteine exchange for positively charged
arginine alters the electrophilic properties, and we can specu-
late that this affects the protein structure. No significant
change in the predicted secondary structure and hydrophobic-
ity of the WbdA protein was observed when the amino acid
substitution was introduced into the molecule, and there was
also no change in hydrophobic cluster analysis plots. This in-
dicates the necessity of analysis by X-ray diffraction of crystal-
lized proteins to reveal the effects of the amino acid substitu-
tion on the WbdA structure and function and for elucidation of
the O-polysaccharide synthetic mechanism.

Reeves’ group has suggested that the polymorphism of the O
polysaccharide in Salmonella enterica was acquired by interspe-
cific gene transfer between gene clusters responsible for O-
polysaccharide synthesis (1, 13, 23). These involve genes for
nucleotide-sugar synthesis, glycosyl transferases, and O-poly-
saccharide translocation. In addition to such relatively large-
scale gene transfer, it has been demonstrated that point mu-
tations can in some circumstances result in O-polysaccharide
alteration (13, 21). The O polysaccharides of S. enterica groups
A, B, and D differ only in a dideoxyhexose side chain sugar,
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FIG. 4. SDS-PAGE analysis of LPSs. Silver-stained gels (A and C) and
immunoblots of the same gels using the O9a MAb (B and D) are shown. LPSs
directed by the chimeric wbdA genes in pWBDA-BF and pWBDA-KF and their
C55R mutations are shown in panels A and B. LPSs extracted from E. coli
HU1190(pNKB26::Tn1000-52) carrying the following plasmids are examined:
pWBDA-BF (lane 1), pWBDA-BF (C55R) (lane 2), pWBDA-KF (lane 3), and
pWBDA-KF (C55R) (lane 4). LPSs directed by wbdA from Bi316-42 and K49S
strains and by those carrying the C55R mutation are shown in panels C and D.
LPSs were from HU1190(pNKB26::Tn000-52) carrying the following plasmids:
pBSC25-1 (lane 1), pWBDAR;316.4> (lane 2), pWBDA o5 (lane 3), pWBDAg;316.4>
(C55R) (lane 4), and pWBDA 405 (C55R) (lane 5).
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FIG. 5. SDS-PAGE analysis of LPSs directed by wbdA with and without the
RS55C mutation. A silver-stained gel (A) and an immunoblot of the same gel
using the O9a MAb (B) are shown. LPSs examined were from E. coli
HU1190(pNKB26::Tn1000-52) carrying the following plasmids: pBSC25-1 (lane
1), pBSC25-1 (R55C) (lane 2), pWBDA-FB (lane 3), and pWBDA-FB (R55C)
(lane 4).

paratose, abequose, and tyvelose, respectively. These side
chain sugars are synthesized from the common precursor
CDP-4-keto-3,6-dideoxy-D-glucose by prt, abe, and tyv genes.
Abequose and paratose are synthesized from the precursor by
the abe and prt genes directly. Paratose is subsequently con-
verted to tyvelose by the #yv gene. Thus, the polymorphism is
caused by diversity of the gene that synthesizes the dideoxy-
hexose on the common backbone of the O polysaccharide. The
abe and prt genes probably diverged from a common ancestor.
There is little information about the development of #yv, but
the genetic mechanism giving the group A strains is clear.
Southern hybridization analysis has revealed that the fyv gene
is maintained in these strains, although the gene is inactivated
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E379 *kk Khkk Kxk Kkkx
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E. coli 09 Bi316-42 **C T*C AX* **C
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FIG. 7. Nucleotide sequence alignment of the region encoding tyrosine at
position 54 to isoleucine at position 57 of wbdA from E. coli O9a and O9 and
Kiebsiella O3 strains. Nucleotides identical to those in F719 are indicated by
asterisks. Amino acids encoded are shown above (for E. coli O9a) and below (for
E. coli O9 and Klebsiella O3) the DNA sequences.

and the Tyv protein is not expressed due to one base deletion
in S. enterica group A strain IMVS1316. A frameshift mutation
in the gene for CDP-tyvelose synthesis of S. enterica group D
thus results in inactivation of the gene and possibly synthesis of
the O polysaccharide of S. enterica group A. This point muta-
tion in the #yv gene thus might cause generation of a new
serogroup in S. enterica. In our case, the mutated gene was
expressed, but its enzyme action might be modulated. In the
case of E. coli O9 and related strains that possess a mannose
homopolymer as the O polysaccharide, it has been suggested
that gene transfer along the wb* region has also occurred (18,
19). Thus, the new serotype O9a was presumably generated
from the O9 strain (or vice versa) by point mutations in genes,
probably after the ancestral wb™* gene cluster was constructed
by interspecific gene transfer. One possible interpretation of
the available data is that the primary bacterial strategy to
acquire O-polysaccharide polymorphism is gene transfer with
reconstruction of the synthetic gene cluster. Point mutations
then accumulate to extend the O-polysaccharide variety. Only
bacteria that survive natural selection and adapt to the sur-
roundings will develop a new serotype group.

There are at least two types of glycosyltransferases: proces-
sive enzymes transferring multiple sugar residues to the accep-
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FIG. 6. Partial two-dimensional homonuclear Hartman-Hahn (H1-H2 region) spectra of O polysaccharides synthesized by WbdA with single amino acid substi-
tutions. O polysaccharides purified from LPS of E. coli HU1190(pNKB26::Tn000-52) carrying wbdAg;3,6.4> With the C55R mutation (A) or carrying wbdAg,,o with

the RS55C mutation (B) are shown.
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tor and nonprocessive enzymes transferring a single sugar to
the acceptor (16). Many of the glycosyltransferases involved in
the O-polysaccharide synthesis are nonprocessive. Among the
three mannosyltransferases involved in O9 and O9a polysac-
charide synthesis, WbdC, which transfers a mannose residue to
a lipid acceptor, is nonprocessive, and the others, WbdA and
WbdB, are processive (8). This is the reason for the smaller
number of transferase genes than mannose residues in the wb*
cluster of the O9 and O9a strains. The conversion of O9 poly-
saccharide into O9a implies a change in the processive action
of WbdA, the enzyme with cysteine at position 55 transferring
three mannoses in 1,2 linkage, while the enzyme with the
arginine substitution transfers only two. It is possible that the
amino acid residue will be involved in the processive reaction
of the mannosyltransferase, although the precise mechanism is
unknown. However, the 9a-to-O9 conversion was not
achieved by the single amino acid substitution of R55C in
WbdA[;,. NMR analysis of the O polysaccharides from the
strain suggested that they are mixtures of O9 and O9a (Fig. 6).
This indicates that the single amino acid substitution of R55C
does not suffice for the O9a-to-O9 conversion, suggesting that
more than one amino acid substitution in WbdA(N)g,4 is
required for the conversion.
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